measure tear evaporation. [21] However, they lack the specificity to identify the underlying causes of dry eye. Measurements of tear hyperosmolarity, [22] e.g., osmometers (TearLab), have large degree of variations, and readings are difficult to interpret. [23] Furthermore, lateral-flow assays such as InflammaDry (Rapid Pathogen Screening), [24] Tearscan (Advanced Tear Diagnostics) [25] can test matrix metalloproteinase-9 and lactoferrin. These analytes are not specific for dry eye syndrome, and can be due to different etiological causes of dry eye syndrome. Additionally, LipiView (TearScience), a benchtop digital interferometry imaging device, is used for monitoring the lipid layer of a patient's eye. [26] However, this high-cost technology produces erroneous results when a patient's blinking rate is inconsistent.
Progressive deterioration of ocular surface, resulting in scarring and impaired vision can be prevented by early detection of dry eye. [27] When dry eye is diagnosed at an early stage, aggressive treatments can be implemented to protect the cornea, [28] expel blockages in meibomian glands, [29] and reduce inflammation. [30] The differentiation between MGD and lacrimal gland dysfunction (LGD) and their severity stages can allow the optimization of dry eye treatment and management. [31] For example, while LGD can be treated with lubricating eye drops, MGD requires unclogging the glands by heat treatment. [32] Quantitative determination of electrolyte composition in tear fluid can enable new personalized treatments and allow the evaluation of treatment efficacy. Additionally, diagnosing early-stage dry eye has clinical utility prior or post refractive/LASIK eye surgeries since it can affect the surgical outcomes and progresses to the mild dry eye. [33] Additionally, dry eye syndrome is a leading reason for discontinuing contact lens use, [34] and early diagnosis can help the ophthalmologist to choose the right lens type and formulation. Therefore, the accurate differentiation of dry eye subtypes can provide a diagnostic utility. A potential approach to dry eye severity assessment and subtype differentiation is through the measurements of tear electrolytes, in which the composition differs based on the dry eye subtype. Sensing tear electrolytes can provide quantitative data to diagnose and track the course of dry eye syndrome, manage the eye drop medication dosage, as well as create a diagnostic basis for personalized eye drops. [35] Contact lenses are widely used for vision correction (refractive errors), therapeutic, and cosmetic purposes. [36] The first poly(methyl methacrylate) (PMMA) hard contact lenses were developed. [37] The limitations in the biocompatibility of these rigid contact lenses was eliminated with hydrogel contact lenses made of poly(2-hydroxyethyl methacrylate (pHEMA) in the 1970s. These polymeric materials have formed the basis of sensing technologies embedded into electronic contact lenses. Current electronic contact lens sensors focused on monitoring ocular dimensional changes for intraocular pressure (IOP) measurements for glaucoma diagnosis or sensing glucose in tear fluid for the management of diabetes. To continually record the IOP, an electronic soft contact lens was developed to measure and send ocular dimensional changes wirelessly to a data recording device through an antenna. [38] However, this product had limited clinical utility due to the poor relationship between pressure (mmHg) and an electrically measured value. To measure the glucose concentration on a contact lens, the glucose oxidase reaction was employed in an electrochemical assay. [39] However, the concentration of glucose in tear fluid is not correlated with blood glucose, limiting the potential clinical utility of these electrochemical contact lenses. In contrast with the electronic contact lenses, optical sensors do not require electrical components such as data transmission units and power supply; hence, their integration in contact lenses can offer an advantageous diagnostic platform in point-of-care settings.
Dry eye patients generally do not tolerate wearing soft contact lenses. Thus, fluorosilicone acrylate scleral lenses are prescribed to patients with severe dry eye syndrome. [40] Scleral lenses are widely used in the ophthalmology clinics to treat ocular surface disease such as dry eye syndrome. When integrated with sensors, the scleral lenses sensors can be used in point-of-care settings to: i) monitor tear electrolytes to diagnose the severity and subtypes of dry eye syndrome, ii) quantitatively assess the treatment efficacy, and iii) personalize the formulation of eye drops based on a patient's eye condition. Such scleral lens sensors can allow continual monitoring of the ocular physiology toward continuous tear biomarker analyses in personalized medicine.
Here, a minimally invasive multiplexed scleral lens sensor was developed to measure electrolyte concentrations in tear film for dry eye diagnosis in point-of-care settings. The scleral lens sensor consisted of fluorescent probes to quantitatively measure pH value and electrolyte (Na + , K + , Ca 2+ , Mg 2+ , and Zn 2+ ions) concentrations within the physiological range. To multiplex the fluorescent probes, a scleral lens was engraved using a CO 2 laser to produce concavities. [41] A leak-proof scleral lens was fabricated by bonding a silicone hydrogel membrane to create fully enclosed microfluidic channels and concavities. The enclosed scleral lens assembly prevented the evaporation of aqueous fluorescent probes and artificial tear fluid while allowing the diffusion of electrolytes into the multiplexed sensing regions. A readout platform comprising an imaging unit with LEDs and optical filters was developed to obtain quantitative measurements with the aid of a smartphone camera. A smartphone algorithm and a user interface were coded to obtain quantitative diagnostic data from the scleral lens sensor. A data deconvolution algorithm was developed to compensate for the measurement errors by analyzing multiple sensor readouts. Artificial tear fluids that mimic tear composition in dry eye syndrome were utilized to obtain quantitative electrolyte measurements. The integrated scleral lens sensor and the smartphone readout system allow for the diagnosis of dry eye severity stages and subtypes in point-of-care settings. The present work demonstrates an integrated ophthalmic system to quantitatively analyze and report dry eye disease for in vivo diagnostics.
The pH value of tear fluid increases up to 7.9 in patients with dry eye syndrome as compared to pH 7.4 in healthy individuals (Tables S1 and S2, Supporting Information). [35] Thus, determining the pH value of tear fluid has clinical utility in the diagnosis of dry eye syndrome. A pH sensor should be able to detect changes in at least 0.5 pH units to provide clinically useful data. Benzenedicarboxylic acid (BDCA) was used as fluorescent pH probe (pK a 7.5) for optical measurements. The emission wavelengths of BDCA experience a pH-dependent shift from yellow-orange (λ = 580 nm) to deep red (λ = 640 nm) fluorescence due to deprotonation of its phenolic substituent (Figure 1a , Figure S1a , Supporting Information). As the concentration of BDCA increased from 5 to 100 µmol L −1 at a constant pH value (7.4) , the relative fluorescence intensity increased sixfold ( Figure 1b ). The fluorescence intensity decreased 2.7-fold as the pH value of tris buffer increased from 5.0 to 9.0, where the BDCA concentration was constant (50 µmol L −1 ) ( Figure 1c ). This behavior can be explained by the Henderson-Hasselbalch equation [42] log 1 pH p
where α is the degree of dissociation for acids. [43] The sigmoid dose-response curve was used to assess the equation of the I/I 0 -pH curve between pH 5.0 and 9.0, showing a pK a value of ≈7.4. I refers to the measured fluorescence emission, and I 0 represents the fluorescence emission of the control sample. The fluorescence intensity decrease (1.6-fold) between pH 7.0 and 8.0 corresponds to a sensitivity of 0.12 pH units. The effect of different electrolytes (100 mmol L −1 ) on BDCA probe response (50 µmol L −1 , pH 7.4) was tested ( Figure 1d ). In the presence of Na + , K + , Ca 2+ , Mg 2+ , Li + , and Zn 2+ ions (100 mmol L −1 ), the fluorescence intensity of the BDCA increased by 18%, 31%, 12%, 2%, 25%, and 1%, respectively. However, in the presence of Fe 3+ Fe 2+ , and Cu 2+ ions (100 mmol L −1 ), the fluorescence intensity of the BDCA decreased by 56%, 87%, and 56%, respectively. Figure 1e shows a scleral lens sensor with an engraved concavity by CO 2 laser ablation. The concavity was functionalized with the pH probe (2 µL, 50 µmol L −1 ) and tested in tris buffer solutions (pH 5.0-9.0). The pH probe was excited by an LED (505 nm) and the fluorescence emission was filtered by a bandpass filter (580 nm) ( Figure 1e ). The light intensity values were analyzed with an image-processing algorithm in MATLAB. The fluorescence intensity decreased as the pH value of the solution increased in the scleral lens sensor, which was consistent with the measurements conducted in aqueous solutions (Figure 1c ,e).
In dry eye syndrome, Na + ion concentration reaches up to 136.1 mmol L −1 in MGD, 142.2 mmol L− 1 in LGD, and 
. b) Fluorescence intensity readouts as the concentration of BDCA (λ ex /λ em :520/590 nm) was varied from 5-100 µmol L −1 at pH = 7.4 in aqueous solutions (n = 3). c) Quantification of tris buffer pH (150 mmol L −1 ) in a 96-well plate and on a scleral lens at a constant BDCA concentration (50 µmol L −1 ). Curves were fitted using Equation (1) . (n = 3). Shadows represent the physiological range of the pH value in tear fluid. d) Relative fluorescence intensity readouts of mono/divalent ions at a constant BDCA concentration (50 µmol L −1 ) at pH 7.4 (n = 3). e) Photograph of a scleral lens with one concavity functionalized with BDCA (50 µmol L −1 , 2 µL). The color scale represents fluorescence images of tris buffer solutions (pH 5-9) mixed (1:1, v/v) with BDCA (50 µmol L −1 ), excited with an LED (505 nm) and filtered with a bandpass optical filter (580 nm, FWHM = 10 ± 2 nm). The red square in the inset shows the fluorescent sensing region of the scleral lens sensor. Scale bar = 5 mm, inset scale bar = 1 mm. Error bars represent standard deviation of the mean.
mmol L −1 in MGD/
LGD type dry eye syndrome. [44] Crown ethers are cyclic chemical compounds containing negatively charged oxygen atoms that form hydrogen bonds with the metal ions. [45] By incorporating fluorescent substituents into the crown ether, the changes induced by bound ions can be quantified by measuring fluorescence emission changes. The Na + ion probe consists of a 2′,7′-dichlorofluorescein dye connected to each of the nitrogen atoms in the diaza-15-crown-5 (DA15C5) with a cavity size of 0.17-0.22 nm, which is selective for Na + ions (Figure 2a , Figure S1 , Supporting Information). Upon binding to Na + ions, fluorescence emission increases. [46] The peak excitation and emission wavelengths for DA15C5 are 507 and 532 nm, respectively. [47] The selectivity of the DA15C5 sensor (50 µmol L −1 ) to Na + ions and other electrolytes was measured in tris buffer solutions ( Figure 2b ). Na + ions exhibited the highest fluorescence intensity in all the probe concentrations. The relative fluorescence intensity of DA15C5 in response to Na + ions (100 mmol L −1 , pH 7.4) was 3.5, 3.2, 4.2 folds higher than that of K + , Ca 2+ , and Mg 2+ ions (100 mmol L −1 ), respectively. The DA15C5 bonded selectively to Na + ions in concentrations above 10 mmol L −1 , which also corresponds to the physiological Na + ion concentration in the tear fluid (Tables S1 and S2, Supporting Information). As the concentration of Na + ions decreased from 100 to 1 mmol L −1 , the relative fluorescence intensity of the DA15C5 decreased by 58% ( Figure 2b ). Fe 3+ , Fe 2+ , and Cu 2+ ions in concentrations of 100 and 10 mmol L −1 decreased the relative fluorescence intensity due to quenching effect; however, these ions at 1 mmol L −1 concentration had a subtle fluorescence response. Subsequently, the variation of DA15C5 probe concentration on the fluorescence readouts was tested. The concentration of DA15C5 in tris buffer was increased from 1 to 50 µmol L −1 as the Na + ion concentration was kept constant. The fluorescence intensity increased 37, 22, and 19 folds with increasing DA15C5 concentration for all ionic strength values (1-100 mmol L −1 ), respectively ( Figure 2c ). Additionally, the effect of the pH value on the Na + ion probe response was assessed ( Figure 2d ). DA15C5 (50 µmol L −1 ) was mixed with Na + ions (1-100 mmol L −1 ) in tris buffer (pH 5.0-9.0, 150 mmol L −1 ). The fluorescence intensities for 1 and 10 mmol L −1 of the Na + ion concentrations were pH invariant, whereas the increase of pH with 100 mmol L −1 Na + solution resulted in a 24% increase in fluorescence intensity. This indicated that the pH value of the solution did not cause significant interference in physiological conditions.
The emission intensity of DA15C5 (50-200 µmol L −1 , pH 7.4) was measured in Na + ion solutions (25-200 mmol L −1 ) in tris buffer (pH 7.4) ( Figure 2e ). As the Na + ion concentration increased, the fluorescence intensity increased 2.9, 3.6, and 4.3 folds for 50, 100, and 200 µmol L −1 probe concentrations, respectively. The concentration-dependent fluorescence intensity can be expressed as
where I s ′ indicates the saturated relative fluorecence intensity, α is the saturation decay constant, and C is the ion concentration of the solution. The dissociation constant K d of DA15C5 was calculated to be 5.5 mmol L −1 determined by
where [Na + ] free is the known Na + ion concentration in solution, F is the fluorescence intensity measured at this known Na + ion concentration, F min is the fluorescence intensity in a Na + ion free solution and F max is the saturation fluorescence intensity at high Na + ion concentrations. DA15C5 (50 µmol L −1 ) was immobilized on a scleral lens with a concavity and mixed with Na + ion solutions (0-200 mmol L −1 ). The scleral lens was excited with a 505 nm LED and the light was filtered out with a 530 nm bandpass optical filter. Figure 2f shows the photographs of the sensing regions in the scleral lens sensor exposed to Na + ion solutions. The intensity values were analyzed with an image-processing algorithm in MATLAB. The intensity of the probe on the scleral lens increased as the Na + ion concentration increased (Figure 2e ), which indicated that the measurements on the scleral lens and in the microplate reader were consistent.
The Na + ion concentration in tear fluid increases by 2.2% from 133.2 to 136.1 mmol L −1 in MGD, by 6.7% from 133.2 to 142.2 mmol L −1 in LGD, and by 8.9% from 133.2 to 145.1 mmol L −1 in the presence of both MGD and LGD, which corresponds to a required Na + ion probe sensitivity of 3-12 mmol L −1 to provide clinically useful data. [44] The sensitivity of the Na + ion probe in the entire test range of ion concentrations was calculated to be 15.6 mmol L −1 . The sensitivity in the linear range of the plot until 100 mmol L −1 Na + ions was determined to be 6.7 mmol L −1 . DA15C5 was stable in the physiological range of the pH and responded to Na + ion concentrations less than 100 mmol L −1 .
The K + ion concentration in tear film ranges between 20 and 42 mmol L −1 with an average value of 24.0 mmol L −1 (Table S1 , Supporting Information). [44] The K + ion concentration in the tear film rises up to 24.6 mmol L −1 in MGD, 24.9 mmol L −1 in LGD, and 25.4 mmol L −1 in the presence of MGD/LGD (Table S2 , Supporting Information). DA18C6 is a fluorescent chelating crown ether, containing benzofuranyl fluorophores linked to the nitrogen atoms of the crown ether, which has a cavity size of 0.26-0.32 nm (Figure 3a) . This specific size ensures the selectivity of the probe against K + ions, corresponding to the 275 pm van der Waals radii. Excited with 340/380 nm light, the fluorescence emission peak of DA18C6 and K + ion complex increases (λ em = 500 nm) ( Figure S1 , Supporting Information). The fluorescence response of DA18C6 in the presence of electrolytes was investigated at different concentrations (1-100 mmol L −1 ) ( Figure 3b ). K + ions exhibited the highest fluorescence intensity in all measurements. The relative fluorescence intensity of DA18C6 in response to K + ions (100 mmol L −1 , pH 7.4) was 2.0, 3.5, 9.8 folds higher than that of Na + , Ca 2+ , and Mg 2+ ions (100 mmol L −1 ), respectively. The relative fluorescence intensity of DA18C6 (50 µmol L −1 ) in response to K + ions at 20, 10, and 1 mmol L −1 was 2.9, 2.8, 4.8 folds higher than that of Na + ions at equivalent concentrations, respectively. This is due to the small van der Waals radius of Na + ions at 227 pm. [48] As the concentration of DA18C6 complexing agent increased (from 1 to 50 µmol L −1 ), the relative fluorescence intensity of K + ion complex increased by 12, 15, 11, and 5 folds for 100, 20, 10, and 1 mmol L −1 of K + ion solutions, respectively ( Figure 3c ). Fluorescence intensities for K + ions (1-100 mmol L −1 ) changed with pH variance in tris buffer (150 mmol L −1 , pH 4.0-9.0), but remained constant within the physiological range (pH 7.0-8.0) ( Figure 3d ). K + ion concentration variation was tested with DA18C6 (1-100 µmol L −1 ) using K + solutions in tris buffer (pH 7.4, 150 mmol L −1 ) both in aqueous solutions and on a scleral lens sensor with different ionic strength values (2.5-50 mmol L −1 ). As the K + ion concentration increased, the fluorescence intensity increased 2.0, 5.7, 8.6, and 8.1-folds, for 1, 10, 50, and 100 µmol L −1 DA18C6 concentrations, respectively ( Figure 3e ). The K d value of the K + sensor was calculated as 8.13 mmol L −1 using Equation (3) (Figure 3e ), which was comparable with the reported K d of 8 mmol L −1 . [48] Figure 3f shows a photograph of a scleral lens sensor with a concavity, which was engraved by CO 2 laser ablation. DA18C6 (2 µL, 50 µmol L −1 ) was immobilized in the concavity of the scleral lens sensor. Solutions containing K + ions (0-50 mmol L −1 ) were tested on the concavity on the scleral lens. The scleral lens was excited with a UV-LED (340 nm) and photographs of the scleral lens were taken using a 500 nm bandpass filter. The light intensity values were analyzed with an imageprocessing algorithm in MATLAB. Figure 3e shows measurement results in scleral lens sensors, comparable to the result in aqueous solutions (50 µmol L −1 ).
The K + ion concentration in the tears increases in both MGD and LGD. Therefore, a feasible biosensor should be sensitive to changes of 0.6, 0.9, and 1.4 mmol L −1 for the detection of MGD,
LGD, and MGD/LGD, respectively. The sensitivity of DA18C6 to K + ions was calculated as 0.8 mmol L −1 . In general, DA18C6 showed high selectivity for K + ions, was pH invariant over the physiological range for all ionic strength values of K + ion solutions.
Ca 2+ ion concentration in tears lies between 0.4 and 1.1 mmol L −1 (Table S1, Supporting Information). The healthy human eye has a Ca 2+ ion concentration of 0.8 mmol L −1 , whereas dry eye syndrome results in an elevated Ca 2+ ion concentration (Table S2 , Supporting Information). By quantifying Ca 2+ ion concentrations, the severity stage of dry eye can be assessed. In a mild stage of dry eye syndrome, the concentration of Ca 2+ ions in tear fluid increases 6.25% (0.85 mmol L −1 ), moderate stages show an increase of 12.5% (0.90 mmol L −1 ), and a severe stage is characterized by an increase of 18.75% (0.95 mmol L −1 ) (Table S3 , Supporting Information). To differentiate between the severity stages of dry eye syndrome, a sensor sensitivity of 0.05 mmol L −1 is required. Additionally, MGD and LGD can be differentiated. An increase of 2.5% (0.82 mmol L −1 ) is related to MGD, whereas an increase of 5% (0.84 mmol L −1 ) is attributed to LGD. Having a Ca 2+ ion concentration of 0.86 mmol L −1 (7.5% increase) is a sign of both MGD and LGD subtypes of dry eye syndrome (Table S2 , Supporting Information). To characterize dry eye subtype, a probe sensitivity of 0.02-0.04 mmol L −1 is required.
The Ca 2+ ion probe consisted of 1,2 bis(o-aminophenoxy) ethane-N,N,-N′,N′-tetraacetic acid (BAPTA) moiety with a fluorophore (rhodamine). The BAPTA moiety is attached to the 9-position of rhodamine, so that the structure remains symmetrical (Figure 4a , Figure S2 , Supporting Information). The BAPTA moiety of the sensor binds with a 1:1 stoichiometry to Ca 2+ ions with high selectivity over Mg 2+ ions. This is due to the design of the binding cavity, which has the suitable size for Ca 2+ of 0.65 Å). [49] The aromatic amino groups of BAPTA have a pK a value between 5.97 and 6.36. [49] To test the selectivity of the BAPTA to Ca 2+ ions, the concentrations of different electrolytes were varied (1-100 mmol L −1 ), while the concentration of BAPTA remained constant (25 µmol L −1 ) in physiological conditions (pH 7.4). BAPTA showed the highest fluorescence intensity when bound to Ca 2+ ions (sevenfold higher than that of Zn 2+ ions) and the intensity increased 1.3 fold with increasing Ca 2+ ion concentration in the solution (Figure 4b ). Apart from Zn 2+ ions, which interacted weakly with BAPTA, no other analyte had a significant response.
The response of the BAPTA to pH variation was tested. The pH of tear fluid lies between 7.14 and 7.82. [50] BAPTA (25 µmol L −1 ) was mixed with Ca 2+ ions (1-100 mmol L −1 ) in tris buffer with varying pH values (pH 5.50-8. 25 , 150 mmol L −1 ). The fluorescence intensity decreased by 13% overall (Figure 4c ). The intensity decreased with increasing pH value and remained constant for the 1 mmol L −1 electrolyte solution for the physiological pH range (shadowed area). The fluorescence intensity at pH 7.75 (1 mmol L −1 ) decreased by 7.6% as compared to the stable responses in the range of pH 7.0-7.5.
The effect of BAPTA concentration (1-50 µmol L −1 ) on fluorescence readout was tested in different ion concentration values (1-100 mmol L −1 ) in tris buffer (pH 7.4, 150 mmol L −1 ) ( Figure 4d ). The fluorescence intensity of the probe increased 5.1-fold with increasing BAPTA concentration and 1.2-fold with increasing ionic strength. The solution containing Ca 2+ ions (100 mmol L −1 ) mixed with BAPTA (15 µmol L −1 ) showed a decreased fluorescence intensity (6.2%) as compared to the same concentration mixed with 10 µmol L −1 BAPTA (Figure 4d ). To test the sensitivity of BAPTA (25 µmol L −1 ) in the physiological detection range, Ca 2+ ion solutions (0-2 mmol L −1 ) were tested in tris buffer (pH 7.4, 150 mmol L −1 ). Figure 4e shows the fluorescence readouts in aqueous solutions (microplate reader) and scleral lens sensor (image processing algorithm). The fluorescence intensity increased by 7.4-fold with increasing Ca 2+ ion concentration. The dissociation constant of the BAPTA for Ca 2+ ions was calculated to be 302 µmol L −1 (Equation (3) ), [35, 51] which was comparable with the previously reported value (320 µmol L −1 ). [52] Figure 4f shows a photograph of the scleral lens sensor with one laser-ablated concavity functionalized with BAPTA (2 µL, 50 µmol L −1 ). The inset shows the LED (505 nm) excited sensor with the sensing region. The inset in Figure 4f shows the color scale of the excited BAPTA (25 µmol L −1 ) mixed with Ca 2+ ion solutions (0.1-2.0 mmol L −1 ). The intensity of BAPTA increased as the Ca 2+ ion concentration increased. BAPTA showed a high affinity for Ca 2+ ions with a negligible interaction with Zn 2+ ions. BAPTA exhibited a subtle pH dependency that affected the readouts with pH above 7.6 for concentrations near the physiological range (1 mmol L −1 ). The sensitivity of BAPTA was calculated to be 0.02-0.05 mmol L −1 within the physiological detection range (0.50-1.25 mmol L −1 ).
The range of Mg 2+ ions in tear fluid lies between 0.5 and 0.9 mmol L −1 , where 0.61 mmol L −1 is the healthy concentration (Table S1, Supporting Information). Patients with MGD show a Mg 2+ ion concentration increase of 1.6% (0.62 mmol L −1 ), while LGD patients have 3.3% increase (0.63 mmol L −1 ) as compared to healthy conditions. Coexistence of MGD and LGD shows the highest Mg 2+ ion concentration with a 6.6% increase (0.65 mmol L −1 ) in tear fluid. A Mg 2+ ion probe that can differentiate between different subtypes of dry eye disease requires a 0.01 mmol L −1 sensitivity.
To measure Mg 2+ ions, 5-oxazolecarboxylic acid (5OACA), a UV-light-excitable Mg 2+ ion probe was selected. 5OACA is a fluorescent derivate of o-aminophenol-N,N,O-triacetic acid (APTRA) modified by incorporating a fluorescent aromatic group. [53] 5OACA contains a benzofuran dye ( Figure S2 , Supporting Information). [54] 5OACA binds with a 1:1 stoichiometry to Mg 2+ ions (Figure 5a ). [55] To test for the selectivity, the 5OACA (25 µmol L −1 ) was mixed with Mg 2+ ion solutions (1-100 mmol L −1 ) (Figure 5b ). The relative fluorescence intensity of 5OACA in response to Mg 2+ ions (100 mmol L −1 , pH 7.4) was 1.9, 2.1, 1.4 folds higher than that of Na + , K + , Ca 2+ ions (100 mmol L −1 ), respectively. The relative fluorescence intensity of 5OACA (50 µmol L −1 ) in response to Mg 2+ ions at 10 and 1 mmol L −1 was 1.1 higher and 1.2 fold lower than that of Ca 2+ ions at equivalent concentrations, respectively.
The pH influence on 5OACA was tested by using Mg 2+ ion solutions (1-100 mmol L −1 ) in tris buffer with varying pH values (pH 5.50-8.25, 150 mmol L −1 ) (Figure 5c ). The Mg 2+ ion solutions were mixed (1:1, v/v) with 5OACA (25 µmol L −1 ). In acidic and basic conditions, the fluorescence intensity showed a constant increase with increasing pH value (1.9-fold increased intensity from pH 5.50 to 8.25). Within the physiological pH range, 5OACA had an almost stable response, a subtle fluorescence intensity increase (8%) was measured between pH 7.0 and 7.8. The concentration of the 5OACA was varied (1-50 µmol L −1 ) to test the Mg 2+ ions with different concentrations (1-100 mmol L −1 ) (Figure 5d ). The fluorescence intensity increased 1.2-fold with increasing 5OACA concentration and 2.4-fold with increasing Mg 2+ ion concentration.
Mg 2+ ion solutions with varying ionic strengths (0-2 mmol L −1 ) were prepared in tris buffer (pH 7.4, 150 mmol L −1 ) and mixed (1:1, v/v) with 5OACA (25 µmol L −1 ). The fluorescence intensity increased 5.4 fold with increasing Mg 2+ ion concentrations, and a 1.2 fold increase within the physiological detection range using the microplate reader, where the results were comparable with the measurements in a scleral lens sensor using an image processing algorithm (Figure 5e ). 5OACA (1 µL, 25 µmol L −1 ) and Mg 2+ ion solutions (1 µL, 0.3-2.0 mmol L −1 ) were immobilized in the scleral lens and excited with a LED (340 nm). The dissociation constant for 5OACA was calculated to be 2.1 mmol L −1 , which was in contrast to the reported K d value (1.5 mmol L −1 ). [56] Figure 5f shows 5OACA (2 µL, 50 µmol L −1 ) immobilized in the scleral lens concavity. The fluorescence intensity of 5OACA increased with increasing Mg 2+ ion concentration (0.1-2.0 mmol L −1 ). The 5OACA (25 µmol L −1 ) mixed with Mg 2+ ions was excited with a 340 nm LED and photographs were taken through a 500 nm bandpass filter, and it exhibited a subtle pH dependency in the entire physiological pH range. The sensitivity of the probe was calculated to be 0.01-0.03 mmol L −1 within the physiological range, suitable for differentiating between dry eye subtypes.
Zn 2+ ions are important for the immune system and are needed for the stabilization of nucleic acids, cell membranes, and cellular organelles. [57] Low Zn 2+ ion concentration prolongs the corneal repair process, affecting the ocular physiology and cell function that could lead to night blindness and blurred vision. [58, 59] The fluorescent N-(2-methoxyphenyl) iminodiacetate (MPIDA) was chosen as the Zn 2+ ion sensor. MPIDA consists of a xanthene linked to a chelation site, [54] which binds Zn 2+ ion with 1:1 stoichiometry (Figure 6a) . [60] The fluorescence is due to a photoinduced electron transfer (PET) switching mechanism, where the xanthene's fluorescence is quenched by the chelation moiety ( Figure S2 , Supporting Information). [61] The anilinyl chelation moiety [61] of the Zn 2+ ion sensor is a modified BAPTA chelator. [57] Upon binding Zn 2+ ions (100 µmol L −1 ), the fluorescence intensity of MPIDA increases. [57] To test the selectivity of the sensor, MPIDA (25 µmol L −1 ) was mixed with different electrolytes (1-100 mmol L −1 ) in tris buffer (pH 7.4, 150 mmol L −1 ). MPIDA showed the highest interaction upon binding Zn 2+ ions, increasing its fluorescence intensity 1.5-fold with increasing Zn 2+ ion concentrations (Figure 6b ).
The effect of pH variance on fluorescence readouts was tested while the MPIDA concentration remained constant (25 µmol L −1 ). Zn 2+ ions were prepared in tris buffer solution with varying pH values (pH 5.50-8.25, 150 mmol L −1 ) and mixed (1:1, v/v) with MPIDA. In extreme acidic and basic conditions, there was a varying response for MPIDA; however, within the physiological pH range, the probe exhibited a stable fluorescence intensity for all the solutions (Figure 6c ).
The effect of variation in MPIDA concentration in sensing Zn 2+ ions was tested. MPIDA at different concentrations (1-50 µmol L −1 ) was mixed (1:1, v/v) with Zn 2+ ion solutions (1-100 mmol L −1 ) were prepared in tris buffer (pH 7.4, 150 mmol L −1 ). The fluorescence intensity increased 7-fold with increasing MPIDA, as well as 1.2-fold for increasing Zn 2+ ion concentration (Figure 6d ).
The sensitivity of MPIDA (25 µmol L −1 ) to Zn 2+ ions (0-50 µmol L −1 ) was tested in tris buffer (pH 7.4, 150 mmol L −1 ) (Figure 6e ). The fluorescence intensity of MPIDA showed a 2.6-fold increase with increasing Zn 2+ ion concentration, comparable to the data in the scleral lens concavity. The dissociation constant of Zn 2+ ions for MPIDA was calculated to be 16 µmol L −1 (Equation (3) ), contrasting the previously reported value (7.8 µmol L −1 ). [57, 61] Figure 6f shows a scleral lens sensor with an engraved concavity functionalized with MPIDA (2 µL, 50 µmol L −1 ). The inset in Figure 6f shows the sensing region of the sensor. The color scale showed the fluorescence intensity of MPIDA increasing with increasing Zn 2+ ion concentration (10-50 µmol L −1 ). MPIDA (1 µL, 25 µmol L −1 ) was mixed with Zn 2+ ion concentrations (1 µL) and in the scleral lens concavity. The MPIDA in the scleral lens was excited using a 555 nm LED and filtered by a 580 nm bandpass filter. The MPIDA probe showed high selectivity for Zn 2+ ions and a pH invariance within the physiological pH range. The sensitivity of MPIDA was calculated to be 1 µmol L −1 using Equation (3), which is suitable to measure Zn 2+ ions in physiological conditions.
To create enclosed sensing regions and multiplex the probes, the scleral lens was sealed with a silicone hydrogel membrane (30 µm, midafilcon). The enclosed channels prevented the leakage of fluorophores from the sensing regions while allowing the diffusion of electrolytes into the sensing regions. Figure 7a illustrates a scleral lens with enclosed microchannels as rhodamine B solution (10 mmol L −1 ) was injected using a syringe pump (1 µL min −1 ). Further injection of the fluid into the scleral lens demonstrated that the scleral lens was sealed completely and no fluorophore dye leakage was observed (Figure 7b) . Figure 7c demonstrates a scleral lens with multiplexed sensing regions. Figure 7d of artificial tear fluid in the microchannels of a fully enclosed scleral lens having branching channels and a mixer. Figure 7e shows brightfield and fluorescence images of the multiplexed scleral lens sensors with ablated concavities (Ø = 1.5 mm). The scleral lens sensor was excited using the readout device with the LED (340 nm) in the readout device and the emitted light was filtered out. The brightest spot was the UV-excitable 5OACA. Multiplexing the sensors did not cause a cross-talk as the sensors are physically separated and the weak fluorescence does not interfere with the measurements, demonstrating the feasibility of multiplexing the probes in a single scleral lens sensor.
For point-of-care diagnostics, a portable readout device was developed to create a stable and consistent lightning condition (Figure 8a) . The device was designed to read a multiplexed scleral lens sensor. The circular sensor excitation site consisted of three LEDs with 340, 505, and 555 nm emission wavelengths, respectively. The device contained three changeable lids that are integrated with bandpass filters of 500, 530, and 580 nm to transmit the emission wavelengths of the sensors (Figure 8b) . The device had a circular sensing site that fitted over the eye socket (Figure 8c) . Thus, the probes multiplexed on the scleral lens sensor could be excited directly on the eye. The chamber on the bottom of the device held the battery for easy access. The user could switch on the appropriate LED and use the bandpass filter according to the electrolyte type. The optical response of the ion sensors on the scleral lens was captured by a smartphone camera through an optical filter.
A smartphone algorithm and an interface were developed to provide quantitative results from scleral lens sensors. The captured photographs are processed by the readout algorithm integrated into a smartphone application, which calculates the mean gray value and standard error of the images. The data are used to correlate the ion concentration of the analyzed sensor by referring to the previously stored relative fluorescence intensity curves of electrolytes with different ionic strengths. The code subsequently returns concentrations for multiple analytes to provide a diagnostic result. The first step that the algorithm performs is the calibration of the data. Known curves of the concentrationdependent relative fluorescence increase are input to the algorithm. These curves correspond to the fitted data points obtained from laboratory electrolyte solutions. After loading the curves, calibration points near the physiological range of each analyte are chosen. The mathematical calibration intensity is calculated with the fitted data curve, which returns the intensity value obtained from the characterization experiments. Then, the customized function image analysis is called. Its input values are three images of the same excited electrolyte sensor at known concentrations. This function analyses the images by calculating the mean intensity of the input pictures (1 mm 2 ). In the picture matrix, the image is converted to grayscale and the algorithm saves it as a 2D matrix in the workspace. The algorithm sums all the elements of the gray-scaled matrix and divides them by the number of elements to obtain the average intensity of the image. This procedure is repeated for the two remaining images. The image analysis function returns the mean intensity of the images and the standard deviation of the mean. To make the calculated image intensity comparable to the reference data obtained by the experiments, the mathematical intensity point is divided by the mean intensity obtained by the image analysis function. The obtained number (calibration multiplier) allows comparing the intensity values determined by the algorithm to the experimental intensity values. After the mean intensity of the image is calculated, and if the sensor does not show pH dependency, the calculated intensity value is multiplied by the previously determined calibration multiplier to obtain the normalized intensity, which is comparable to the reference data given by In case the sensor shows pH dependency, an additional value is multiplied with the normalized intensity before inserting it in Equation (4). This value was determined from the pH invariance characterization experiments. The pH deconvolution occurs within the pH deconvolution function, which serves as a database of the sensors' exhibited pH dependencies. The function is called with the analyte to be measured, the pH value, and the current calculated intensity. The output value is the corrected normalized intensity. The interaction of the sensor with other electrolytes can also be deconvoluted by the algorithm. The ion deconvolution function allows for deconvoluting ion interference. Analogous to the pH deconvolution function, the input arguments are the analyte to be measured, the concentration of the interfering electrolyte, and the current calculated intensity. The ion deconvolution function returns the corrected normalized intensity value that is used for further ion value corrections. A database was generated for the deconvolution of ion interference ( Figure S3 5OACA showed a stable response for Ca 2+ ions within the physiological range ( Figure S3 , Supporting Information). In the case of Zn 2+ ion deconvolution, the fluorescence intensity increased 1.3-fold with increasing Zn 2+ ion concentration in the solution. The Ca 2+ ion interference was deconvoluted as a constant, non-concentration dependent offset. Therefore, only Zn 2+ ion concentration needed to be known before measuring Mg 2+ ion concentration. If the user attempted to measure Mg 2+ ions, the algorithm checked whether Zn 2+ ion had been measured. If Zn 2+ ion concentration was still unknown, the algorithm requested the user to measure Zn 2+ ions first before proceeding to measure Mg 2+ ions. After measuring the selected analyte, the algorithm outputs a diagnosis overview displaying the determined concentration and a warning if the analyte is not within healthy concentration range, pointing out the severity stage of dry eye and its subtype.
To make the measurements of electrolytes in tear fluid more intuitive and user-friendly, the prototype of a user interface for a smartphone application iCheck was designed in Android Studio. Figure 8d shows the home screen of the application. In user screen, the patient information can be entered to record the patient data and measurements (Figure 8e ). In calibration, the calibration of the selected analyte was performed (Figure 8f ). Selecting the analyte opens a new tab, where the user can select the reference data for precalibrated fluorescent probes or the user can take photographs of the reference images with known concentrations to perform the calibration (Figure 8g ). LED and filter types are also displayed in this screen. Measurement allows choosing an analyte to perform the measurement (Figure 8h ). Selecting an analyte grants the application access to the camera to take the pictures of the LED-excited sensor with the unknown electrolyte concentration ( Figure 8i ). The application displays the measurement results (Figure 8j ). In the last step, under the diagnostic results button, a summary of the performed measurements and a possible diagnosis are displayed ( Figure 8k ). Furthermore, the user has the option to view past measurements under the calendar button or share the information.
To test the sensitivity of the developed sensing system in dry eye diagnostics, artificial tear fluid analysis was performed. Artificial tear fluid containing H + , Na + , K + , Ca 2+ , Mg 2+ , Zn 2+ ions and other biological tear constituents to mimic the composition of human tears with MGD, LGD, and MGD/LGD (Table S2 , Supporting Information). Each artificial tear fluid was mixed (1:1, v/v) with the fluorescent probes (50 µmol L −1 , 4 µL) in the concavity on the scleral lens sensor. Photographs of the electrolyte sensors were captured with a smartphone camera and input to the algorithm to estimate the concentration of the electrolytes. Figure 9 shows the results of the artificial tear fluid analysis in dry eye diagnosis. Evaluated probes with the readout system provided data for diagnosing the severity and the subtype differentiation of the dry eye syndrome. The obtained results were deconvoluted to approximate the true values. For example, after artificial tear fluid was added to 5OACA, the concentration of Mg 2+ ions was deconvoluted based on pH, Ca 2+ , and Zn 2+ ions.
Both BDCA and DA18C6 were sensitive in the detection range and did not interact with other analytes. However, the sensitivity of DA15C5 was limited within the physiological range. One approach to solve this problem could be to use a microfluidic dilution component in the scleral lens concavity. [41] Another approach could be to use a Na + ion probe with higher K d values (80 mmol L −1 ). [62] The selectivity of the 5OACA [53] can be increased by modified APTRA moieties using phosphinatebased chelators to measure Mg 2+ ions selectively over Ca 2+ ions. [63] The acute and chronic oral toxicities of 15-crown-5 and 18-crown-6 have been studied in mice. [64] The median lethal dose (LD50) values were determined to be 1.02 g kg −1 (15crown-5) and 0.71 g kg −1 (18-crown-6) . Increase in crown ether ring size and water solubility increases toxicity. Another study of crown ethers in Chinese hamster V79 cells has shown no genotoxic effect in mammalian cells. [65] However, the toxicological properties of crown ethers have not been fully investigated in the eye; and therefore, crown ethers should be covalently linked to the scleral lens matrix through acryloyl groups to prevent leaching over the ocular surface. Furthermore, the fluorescent probes described in the present work are temperature sensitive; however, the ocular surface temperature is tightly regulated within 28-33 °C. Hence, having a temperature calibration could compensate for the measurement errors. Additionally, the shelf life of the probes should be evaluated to determine the stability at room temperature.
In the readout device, specular reflection on the scleral lens sensor could be eliminated by adopting an optical diffuser. A low-intensity UV-LED was used to excite DA18C6; however, the health effects of exposure to UV light sources on the human eye must be considered. [66] Additionally, automated optical filter and LED system shutter control could eliminate the requirement of cover lids for each optical filter and the time to switch the LEDs on/off to reduce the measurement time. Furthermore, spectral peak changes based on red-green-blue (RGB) can be used as a secondary data set to supplement fluorescence intensity measurements to increase the readout accuracy. [67] The quantification of electrolytes in tear fluid offers possibilities for diagnosing multiple ocular diseases or systemic disorders. A shift in the ocular surface pH not only is an indicator for the dry eye disease, but also can be a sign of rosacea, allergenic reactions, and bacterial infections. [68] Furthermore, children with cystic fibrosis demonstrated a difference in Na + ion concentration of tear fluid. [69] Additionally, higher Ca 2+ ion concentrations in tear fluid of children can indicate cystic fibrosis. [69] K + ions play a role in the maintenance of corneal thickness and that K + ion deficiency in the tear film leads to corneal swelling. [70] Ca 2+ and Mg 2+ ion quantification in tears have the potential to determine hypoor hypercalcemia. [71] Additionally, Zn 2+ ion deficiency can promote cataractogenesis. [59] Hence, the measurement of tear electrolytes have broader diagnostic potential beyond dry eye syndrome.
The scleral lens sensor allowed quantitatively measuring the fluorescence emission of pH and electrolytes to assess the tear film in point-of-care settings. Quantifying the electrolytes in the human tear fluid enables differentiation between the MGD and LGD subtypes of the dry eye syndrome in 5 min. An advantage of the scleral lens sensor is that it is power free, which eliminates the negative health effects of electromagnetic radiation of wireless powering. The scleral lens sensor relies only on optical measurement and does not require any built-in electronics, which immensely simplifies its working principle and facilitates its clinical utility.
Experimental Section
Materials: All chemicals were of analytical grade and used without further purification. The following chemicals were purchased from Fisher Scientific: tris base (≥99.8%), tris hydrochloride (tris HCl, 99%) sodium chloride (NaCl) (≥99.5%), potassium chloride ( Equipment: Microplate reader (FLUOstar Galaxy from BMG Labtechnologies, Software Version: 4.31-0, Firmware Version 4.31-0) was used to assess the fluorescence intensity of the prepared 96-well plate assays. A lab pH meter inoLab pH 7110 was used to prepare the solutions with varying pH values. The UV-vis-spectrometer Specord 250 from Analytik lena was used to take the UV-vis spectroscopy of the sensors and the obtained spectral data were analyzed with the Software WinAspect. For the fabrication of the readout device 340, 505, and 555 nm LEDs; together with 530 nm (FWHM = 10 ± 2 nm), 580 nm (FWHM = 10 ± 2 nm), and 500 nm (FWHM = 40 ± 8 nm) bandpass filters were purchased from ThorLabs. A Xiaomi Mi A2 Lite (Android 9, API 28) was used to capture the images that were later used as an input for the readout algorithm and to test the application that was developed in Android Studio. The algorithm was developed in MATLAB R2018b.
Preparation of Ion Solutions: 7.26 g of tris base and 9.46 g of Tris-HCl powder were each diluted in 400 mL of deionized (DI) water. While Adv. Mater. 2019, 1906762 monitoring with an electrochemical pH meter, these two stock solutions were mixed to obtain Tris buffer solutions with pH values ranging from pH 4.0 to 9.0 with a constant ionic strength (150 mmol L −1 ). NaCl (0.292 g), LiCl (0.212 g), KCl (0.373 g), MgCl 2 (0.476 g), CaCl 2 ·2H 2 O (0.735 g), FeCl 3 ·6H 2 O (1.351 g), CuCl 2 ·2H 2 O (0.852 g), ZnCl 2 (0.681 g), NiSO 4 ·6H 2 O (1.314 g), and FeCl 2 ·4H 2 O (0.994 g) were mixed with 25 mL Tris buffer solution (pH 4.0-9.0, 150 mmol L −1 ) to obtain 200 mmol L −1 ion concentration stock solutions. The stock solutions were further diluted to obtain the necessary concentrations for all experiments.
Preparation of Artificial Tear Fluid: Artificial tear fluid was simulated by mixing relevant ions contained in tear fluid and adding 0.05 mmol L −1 of glucose. Different disease stages of dry eye were simulated by preparing artificial tear fluid (Tables S2 and S3 , Supporting Information).
Preparation of Fluorescent Probes: Fluorescent probes were prepared to obtain 1 mmol L −1 stock solutions. Stock solutions of 1 mmol L −1 containing 1 mg BDCA (MW: 453.45 g mol −1 ), 1 mg DA15C5 derivative (MW: 1667.57 g mol −1 ), and 1 mg DA18C6 derivative (MW: 950.99 g mol −1 were prepared in 2205, 600, and 1052 µL DI water respectively. The Ca 2+ ion probe Rhod-5N tripotassium salt (500 µg, MW: 900.034 g mol −1 ) was prepared in 556 µL distilled water. Magnesium green pentapotassium salt (1 mg, MW: 915.9004 g mol −1 ) was dissolved in 1092 µL distilled water. To Mag-Fura-2 tetrapotassium salt (1 mg, MW: 586.68 g mol −1 ) 1705 µL of distilled water were added. Zn 2+ ion probe Fluozin-1 (500 µg, MW: 599.67 g mol −1 ) was prepared in 833.8 µL distilled water. All stock solutions were kept desiccate and in dark conditions at −20 °C. The fluorescent probe stock solutions (1 mmol L −1 ) were diluted to prepare different concentrations ranging from 1 to 50 µmol L −1 .
Fluorescence Measurements: The FLUOstar Galaxy microplate reader was used to assess the fluorescence intensity of the probes in aqueous solutions. Top excitation was executed, and the fluorescence emission data were analyzed in Excel. Metal ion solutions with the final concentration of 1-100 mmol L −1 prepared in Tris buffer (pH 4.0-9.0, 150 mmol L −1 ) were mixed (1:1, v/v) with the four different fluorescent ion probes (1-50 µmol L −1 ) and distributed in 96-well plates (black wall). The fluorescent probe (10 µL) was pipetted into the well plates followed immediately by 10 µL of ion solution. The probes were excited using top excitation (reflectance mode). A blank solution containing Tris buffer (pH 5.5-8.25, 150 mmol L −1 ) and the fluorescent ion probes prepared in distilled water (1-50 µmol L −1 ) mixed (1:1, v/v) were used for the calibration of the assays. The excitation and emission filters were chosen from the ones available from the microplate reader settings.
pH probes were distributed into 96 well plates and measured in the microplate reader with the following excitation and emission filters: λ ex /λ em : 520/590 nm. DMSO (a solvent that prevents hydrolysis) was mixed (1:1, v/v) with the probe solutions and used for the calibration of the assays, except for the ion selectivity test, where the sensor solution was mixed (1:1, v/v) with ion-free Tris buffer (pH 7.4 150 mmol L −¹ ) for calibration. For DA15C5, the measurements were conducted with the following excitation and emission filters: λ ex /λ em : 492/520 nm. For DA18C6, measurements were conducted with the following excitation and emission filters: λ ex /λ em : 340/505 nm. For Rhod-5N tripotassium salt (λ ex /λ em = 551/576 nm) an emission filter of 540-512 nm and emission filter of 590 nm were used. The magnesium green pentapotassium salt probe (λ ex /λ em = 506/531 nm) was exited with a 510-20 nm filter and emission was passed through a 550 nm filter. Mag-Fura-2 tetrapotassium salt Mg 2+ ion probe (λ ex /λ em = 330/505 nm) required UV-excitation. A 340 nm excitation light and a 500-510 nm emission filter were chosen for the readouts. The Zn 2+ ion probe FluoZin-1 (λ ex /λ em = 495/515 nm) used an A-492 nm filter excitation and the emission filter was chosen to 520 nm.
Scleral Lens Engraving: Due to its high accuracy and rapid fabrication process, a CO 2 laser was used to pattern hard scleral lenses (Ø = 16 mm) made mainly out of Paflufocon. Micro concavities with a 1.5 mm diameter were engraved using laser ablation at a power of 5.4 W and a beam speed of 3.1 mm s −1 . 1 µL of fluorescent ion probe followed by 1 µL of electrolyte solution were pipetted into the laser engraved cavity (Figures 1e, 2-6f, and 8a,b) .
Enclosure of the Microfluidic Channels and Concavities in Scleral Lenses:
Microconcavities were oxygen plasma treated Pa, 100-300 W) for 60 s through a mask cut from a soft contact lens. Scleral lens sensors were sealed with a silicone hydrogel (30 µm, midafilcon) to enclose the microchannels.
Handheld Readout System and Image Analysis: To evaluate the analyte concentration in tear fluid with the algorithm a readout system was conceived. The portable black readout device was modeled in Catia VS for 3D printing. Three LEDs of 340, 505, and 555 nm were placed on rectangular prism blocks, which were located next to the interlayer of the device. The circuit equipment such as the resistors, cables, and switches were placed in the rectangular interlayer of the device. Three replaceable cover lid components were fabricated to fit the 530, 580, and 500 nm bandpass filters. A battery slot was carved into the bottom of the readout device to place the 6 V battery that powers the device. The 3D image was drawn in SketchUp.
The readout system consisted of a black 3D printed box in which the probe to be measured (the engraved scleral lens with the four ablated cavities and the sensors) was placed. The probe was excited with LEDs and the emission, passing through an adequate filter, was captured by a smartphone camera. The wavelength of the LED and the filter must be chosen differently for each fluorescent probe, since every sensor has specific excitation and emission wavelengths. The pictures captured by the smartphone camera were later used as an input for the readout algorithm, in which the image analysis took place.
Readout Algorithm and Application: A readout algorithm was implemented in MATLAB R2018b. As a first step, the algorithm was calibrated with images of the LED-excited sensors (Ca 2+ , Mg 2+ , or Zn 2+ ) at known concentrations. Once the calibration was done, the pH value had to be measured to make sure that the electrolytes to be analyzed were within the physiological range and thus showed a stable response. Given the pH value information, the MATLAB code calculated the fluorescence intensity of the analyte chosen by the user and gave the concentration as an output as well as a diagnostic result for dry eye disease, differentiating between dry eye subtypes and its severity stages. In the case of Mg 2+ ion concentration assessment, additional information was needed. Since the Mg 2+ ion sensor was not only sensitive to Mg 2+ ions but also to Ca 2+ and Zn 2+ ions, hence their concentrations were needed to be known before calculating the Mg 2+ ion concentration in the solution. Furthermore, a possible pH dependency of the sensor could also be deconvoluted by the algorithm. The prototype for an application called iCheck featuring the user interface with main functionalities was developed in Android Studio.
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